Col2a1 collagen type 2a X-gal 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside ␤-gal ␤-galactosidase Runx2 runt-related transcription factor 2 MMP13 matrix metalloproteinase 13 Sox9 SRY (sex-determining region Y)-box 9 Sox5 SRY-box5 Sox6 SRY-box6 PTH parathyroid hormone PTHrP parathyroid hormone-related protein further progress through a number of maturational stages characterized by the induction of phenotypic marker genes [Stein et al., 1996; Mundlos et al., 1997; Olsen et al., 2000; Beck et al., 2001; Karsenty, 2001; Provot and Shipani, 2005; Wuelling and Vortkamp, 2010] . Runx2 and Osterix are considered master transcriptional regulators of osteoblast differentiation [Komori et al., 1997; Otto et al., 1997; Sato et al., 1998; Choi et al., 2001; Hess et al., 2001; Nakashima et al., 2002] . On the other hand, the Sox trio (Sox9, Sox5, and Sox6) are the main transcription factors triggering mesenchymal condensation to initiate chondrocyte differentiation [Lefebvre et al., 1998; Bi et al., 1999; Smits et al., 2001] . Runx2 knockin and knockout mice display a complete lack of both endochondral and intramembranous ossification, and they show an absence of chondrocyte and osteoblast differentiation [Komori et al., 1997; Otto et al., 1997; Choi et al., 2001; Fujita et al., 2004; Hinoi et al., 2006] . However, skeletogenesis is a highly complex process and requires the coordinated activity of multiple cell types including chondrocytes and osteoblasts. Runx2 global deletion and overexpression at nonphysiological levels limits options for identifying a cell-and tissue-specific contribution of Runx2.
To circumvent this problem and elucidate the Runx2 regulatory control distinctive to cartilage tissue during bone development, we generated Runx2 floxed mice. Using biochemical and genetic approaches, we found that selective deletion of Runx2 in chondrocytes results in failed endochondral ossification, dwarfism, and perinatal lethality.
Materials and Methods

Generation of Runx2 Conditional Knockout Mice
Exon 8 of the Runx2 gene was floxed by inserting 2 directional Lox-p sites. Lox-p sequences were inserted first in intron 7 and second in exon 8, immediately after the translational stop codon. Mouse embryonic stem cells with the correct homologous recombination were identified by Southern blot analysis and used for the production of chimeric mice. Germ line transmission and the establishment of Runx2 floxed mice (Runx2 F/F ) was confirmed by allele-specific genotyping and diagnostic restriction analysis of PCR products. Runx2 F/F mice were crossed with collagen type 2a (Col2a1)-Cre mice [Ovchinnikov et al., 2000 ] to generate Runx2 ⌬ E8/+ Col2a1 mice, and their progeny were intercrossed to obtain Runx2 ⌬ E8/⌬ E8 Col2a1 , Runx2 ⌬ E8/+ Col2a1 , and Runx2 F/F mice. All genotypes were determined using differential PCR. We maintained all mice under a 12-hour light:dark cycle with ad libitum access to regular food and water. All animal experiments were performed with the approval of the Animal Research Program of the University of Alabama at Birmingham and conformed to relevant guidelines and laws.
Determination of Chondrocyte Cell-Specific Cre Activity
For the assessment of tissue and cell type expression of Cre recombinase, the R26R line was utilized [Soriano, 1999] . Deskinned long bones of newborn mice were fixed in 10% phosphate-buffered formalin overnight at 4 ° C with gentle rotation and rinsed 4 times for 30 min each with 0.1 M phosphate buffer (pH 7.3). Samples were then stained in freshly prepared 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) reaction buffer (5 m M potassium ferricyanide and ferrocyanide, 2 m M magnesium chloride, 0.2% NP40, 0.1% sodium deoxycholate, and 1 mg/ml X-gal) for 16 h at room temperature. Stained embryos were rinsed 4 times in 0.1 M phosphate buffer for 30 min each before imaging. For histological analysis, X-gal-stained forelimbs were fixed in 10% phosphate-buffered formalin at 4 ° C overnight and dehydrated with serial ethanol solutions. Tissues were embedded in paraffin and sectioned at 7 m; sections were counterstained with hematoxylin and counterstained with eosin.
Radiographic Imaging and Histological Analysis
For evaluation of the mineralized skeleton of new born mice, radiographic imaging was performed with a Faxitron (Faxitron X-Ray Corporation) at a voltage of 22 mV and an exposure time of 16 s to enhance soft tissue penetration. To understand the cellular defects in the long bones of Runx2 conditional null mice, histological analyses were carried out as follows. Embryos were deskinned, eviscerated, and fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, Mo., USA) for 12 h. Specimens were dehydrated in ethanol gradient solution and embedded in paraffin. Tibia and femur sections were cut at a thickness of 7 m and mounted on Superfrost Plus slides. Sections were dewaxed in xylene and rehydrated in 100, 95, and 70% ethanol and water. To analyze the general tissue morphology, hematoxylin and eosin staining was performed. Digital images were captured at a 10 ! magnification with a Nikon Eclipse 80i microscope.
Results and Discussion
Runx2 Deletion in Chondrocytes Disrupts Endochondral Ossification
To direct Cre recombination events specifically in developing chondrocytes, we crossed our Runx2 floxed mice with transgenic mice carrying a Col2a1-Cre gene. The Col2a1 promoter and enhancer fragment used can mimic the temporal and spatial expression of endogenous type II collagen [Ovchinnikov et al., 2000] . Homozygous mutants (Runx2
) expired within minutes of birth due to respiratory failure, and they were significantly smaller in size and weight (data not shown). Radiographic imaging was performed initially to reveal the skeletal defect. Radiographs of wild-type littermates showed well-developed and mineralized skeletons ( fig. 1 a) . Skeletal elements formed by endochondral ossification were absent (vertebra, pelvic, scapula, and metacarpal/metatarsal bones) or significantly short (ribs and limb bones) in homozygous mutants. Moreover, some craniofacial elements were undetectable or poorly developed. These data indicated a failed progression of endochondral ossification in the chondrocyte-specific Runx2 homozygous mutants. To better understand the cellular phenotype, we carried out a histological analysis on the femurs of littermates at E18.0. Wild-type femurs showed progression of well-shaped growth plates into different zones of chondrocyte maturation that changed over to calcified cartilage and a well-expanded ossified zone and also contained marrow cavities. These features of the growth plate were completely absent in homozygous mutants ( fig. 1 b) . Absence of hypertrophic chondrocytes in the homozygous mutant femurs suggested that the reduction in limb length was coupled with inhibition of chondrocyte terminal maturation. Furthermore, in wild-type mice, the extracellular matrix surrounding hypertrophic chondrocytes was permissive to vascular invasion, with well-defined ingression of the skeletal cells of osteoblast lineage, the presence of red blood cells, and marrow cavities. However, we did not observe vasculature or blood cells in the mid-diaphyseal region of the mutant limbs ( fig. 1 b) . Thus, Runx2 activity in chondrocytes is necessary for the vascular ingrowth that precedes marrow cavity formation. Our findings of endochondral ossification failure are consistent with the global Runx2 null phenotype and transgenic mice expressing the dominant negative form of Runx2 in chondrocytes [Komori et al., 1997; Otto et al., 1997; Ueta et al., 2001] . We found that Runx2 expression in chondrocytes triggers the induction of target genes, which are considered markers of chondrocyte differentiation (Col2a1, Col10a1, and MMP13). These genes were absent or markedly reduced in mutant mice. Although the expression of Sox9 and parathyroid hormone/parathyroid hormone-related protein (PTH/ PTHrP) was normal in Runx2 mutant chondrocytes, the disrupted chondrogenesis was linked to a loss of Ihh expression. Taken together, the results of our study reveal for the first time a novel role of endogenous Runx2 in chondrocytes in bone development and survival.
Runx2 activity in chondrocytes is essential for survival and endochondral ossification. a Whole-animal radiographic imaging of newborn littermates was processed simultaneously. Skeletal elements as seen in the dorsal view of newborn mice were evident in wild-type littermates. The homozygous mutant (Runx2 ⌬ E8/ ⌬ E8 Col2a1 ) showed no vertebral column or pelvic bones (arrows) and only a residual signal in ribs and limb bones.
b Embryonic femurs (E18) of the indicated genotype were fixed with 4% paraformaldehyde, processed, and embedded in paraffin. Serial sections were cut at 7 m and stained with hematoxylin and eosin. Images were captured with a Nikon Eclipse 80i microscope at a 10 ! magnification. Multiple images from each section were stitched digitally, and an assembled picture is presented. Scale bar = 100 m.
Color version available online
The Functional Integrity of Runx2 in Developing Chondrocytes Is Essential for the Progression of Chondrocyte Differentiation
Though Runx2 is highly expressed in osteoblasts, it is also detected in chondrocytes [Komori et al., 1997; Otto et al., 1997] . During embryonic development, Runx2 is first detected in the notochord on E9.5, and by E12.5 it is highly expressed in the mesenchymal cells surrounding the cartilaginous condensation of the skeleton. During chondrogenesis, Runx2 expression is progressively increased, with the highest levels noted in terminal hypertrophic chondrocytes Inada et al., 1999] .
To better distinguish whether Runx2 activity in chondrocytes is independent of the Runx2 role in osteoblasts, we selectively deleted the Runx2 gene in chondrocytes. Chondrocyte-specific gene loss was first confirmed by analyzing the long bones for expression and activity of Cre-recombinase. Col2a1-Cre mice were crossed with R26R reporter mice to obtain Col2a1-Cre/R26R compound heterozygotes. Longitudinal sections of X-galstained bones showed high ␤ -galactosidase ( ␤ -gal) activity in the proliferating chondrocytes of epiphysis ( fig. 2 ) . No ␤ -gal activity was detected in osteoblast and perichondrial mesenchymal cells ( fig. 2 ) . These data provide assurance that the skeletal phenotype in these mice is due to a specific deletion of Runx2 in chondrocytes, and it is independent of osteoblast activity. It is important to note that Cre-mediated gene recombination is an irreversible and permanent event. Thus, removal of Runx2 in resting chondrocytes will historically mark the cells (arrow in fig. 2 ). If these cells manage to proceed through differentiation, Runx2 will be absent at all subsequent stages of maturation ( fig. 2 ) . Consistent with this, X-gal-stained positive cells were noted at all stages of chondrocyte differentiation. Consequently, we observed defects at all stages of chondrogenesis ( fig. 2 ) . Future studies will establish whether Runx2 activity in hypertrophic chondrocyte is dependent on Runx2 function in proliferating chondrocytes by a hypertrophy stage-specific ablation of Runx2. In summary, we demonstrated that a chondrocytespecific loss of Runx2 causes lethality, failure of chondrocyte differentiation, and endochondral ossification.
